To characterize aspartyl aminopeptidase from Aspergillus oryzae, the recombinant enzyme was expressed in Escherichia coli. The enzyme cleaves N-terminal acidic amino acids. About 30% activity was retained in 20% NaCl. Digestion of defatted soybean by the enzyme resulted in an increase in the glutamic acid content, suggesting that the enzyme is potentially responsible for the release of glutamic acid in soy sauce mash.
Aspergillus spp., especially A. oryzae, have played a central role for over 1,000 years in the production of traditional fermented foods (soy sauce, soybean paste) and beverages (rice wine, spirits) in Japan. 1) Based on a long history of safe human consumption, A. oryzae is listed as GRAS (generally regarded as safe) by the U.S. Food and Drug Administration (http://www.fda.gov/). The safety of A. oryzae has also been endorsed by the World Health Organization. 2) Because of this status, many enzymes from A. oryzae are used in food processing operations.
Aminopeptidases remove amino acids sequentially from the N-terminus of peptides and proteins.
3) Most aminopeptidases are metallopeptidases, 4) which have been classified by MEROPS 5) into 53 families. Aspartyl aminopeptidases (EC 3.4.11.21) are similar to yeast vacuolar aminopeptidase I (EC 3.4.11.22), and both classes of enzyme belong to the M18 family of the MH clan of cocatalytic metallopeptidases. Aspartyl aminopeptidases and yeast vacuolar aminopeptidase I can be sub-classified further into the aspartyl aminopeptidase subfamily and the aminopeptidase I-like subfamily by dendrogram analysis. 6) Aspartyl aminopeptidase has been reported to be present in mammals 7, 8) and yeast, 6) but the enzyme has not previously been purified from plants, bacteria, or filamentous fungi. Here we report the cloning of the aspartyl aminopeptidase gene from A. oryzae and heterologous expression of its recombinant enzyme in E. coli.
Using sequences of human aspartyl aminopeptidase (UniProt; Q9ULA0) as queries in BLAST searches of the A. oryzae genome database (http://www.bio.nite.go. jp/dogan/Top), we found two M18 family metallopeptidases (UniProt; Q2UPZ7, Q2U9Z9) with low e-values (< 10 À7 ). Sequence alignments and dendrogram analysis indicated that the seven active site residues proposed by MEROPS 5) are well conserved in the two genes. The former perhaps belongs to the aspartyl aminopeptidase subfamily and the latter to the aminopeptidase I-like subfamily. Furthermore, we confirmed the presence of The protein sample, subjected to 2-dimensional electrophoresis, was prepared as follows: 20 g of defatted soybean flakes mixed with 28 ml of distilled water and 20 g of roasted wheat grains were autoclaved for 40 min at 121 C. Fifty grams of this solid medium were inoculated with air-dried conidia (yielding 1 Â 10 6 conidia/g koji), and incubated for 44 h at 30 C at 95% humidity. The culture (koji) was mixed after 20 and 27 h. Koji protein was extracted as follows: 6 g of koji was mixed with 30 ml of 50 mM acetate buffer, pH 5.0, containing 90 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, and Complete Mini (Roche, Basel, Switzerland). The koji suspension was vortexed well for 1 min, and the supernatant was filtered through no. 2 filter paper (Advantech, Tokyo). Protein was precipitated as described by Nandakumar et al.
9) Two-dimensional electrophoresis, image analysis, and matrix-assisted laser desorption ionization-time of flight mass spectrometry were carried out as described by Oda et al. 10) Each gel was loaded with 100 mg of extracted protein and stained with CBB. An arrow indicates the aspartyl aminopeptidase spot. The effect of pH on activity was assayed in GTA buffer (pH 4-10). GTA buffer is an equimolar mixture of 3,3-dimethylglutaric acid, tris hydroxymethyl aminomethane, and 2-amino-2-methyl-1,3-propanediol for which the pH was adjusted with HCl or NaOH. The effect of temperature on activity was assessed by assaying activity at various temperatures. Enzyme stability was assayed after preincubation at various temperatures for 60 min. The effect of NaCl on activity was assessed by measuring the activity at various NaCl concentrations. Hydrolysis of peptides by aspartyl aminopeptidase was assayed in reaction mixtures (1,000 ml) containing 500 mg of angiotensin II (DRVYIHPF), [Asn1, Val5]-angiotensin II (NRVYVHPF), or delta sleep-inducing peptide (WAGGDASGE). After incubation at 37 C, 10 ml of 10-fold diluted reaction mixtures were injected onto YMC-Pack ODS-A columns (YMC, Kyoto, Japan). Incubation times were as follows: 0, 5, 10, 30 min (angiotensin II); 0, 12 h (other peptides). For analysis of angiotensin II hydrolysis, the column was equilibrated with 0.02% trifluoroacetic acid. Elution was carried out by increasing the acetonitrile concentration linearly to 100% over a period of 60 min. Elution of the other peptides was carried out by increasing the acetonitrile concentration linearly to 20% over a period of 30 min. Peak A, angiotensin II; Peak B, angiotensin III. Angiotensin III was identified by comparing the retention time with that of an authentic standard. aspartyl aminopeptidase in soy sauce koji by peptide mass fingerprinting (Fig. 1) . These results suggest that aspartyl aminopeptidase is expressed in soy sauce koji by A. oryzae. Hence this enzyme was expressed and analyzed.
The expression plasmid pCold-aspartyl aminopeptidase was constructed as follows: Two oligonucleotide primers, 5 0 -GAGCTCATGACTTCGAAAATCGCCCA-3 0 and 5 0 -GGTACCTCAGTCAACAAAGATTGTCTT-TG-3 0 , were synthesized to contain added SacI and KpnI sites respectively (underlined). The aspartyl aminopeptidase gene was amplified by PCR using the EST clone (AoEST02576, JZ3909, Aspergillus oryzae EST database, http://www.nrib.go.jp/ken/EST/db/index.html) as template. The amplified DNA was digested with SacI and KpnI, and the resulting fragment was inserted into the corresponding sites of pColdI (Takara Bio, Otsu, Japan) carrying an N-terminal his 6 tag. E. coli BL21 (DE3) cells harboring pCold-aspartyl aminopeptidase were induced with 1 mM isopropyl -D-thiogalactopyranoside at the mid-exponential growth phase and incubated for an additional 15-20 h at 15 C. The cells were harvested by centrifugation, washed with 100 mM Tris-HCl buffer (pH 7.5) containing 300 mM NaCl, and resuspended in the same buffer. They were disrupted by sonication, and the lysate was centrifuged at 10;000 Â g for 20 min. Aspartyl aminopeptidase was purified using Ni Sepharose 6 Fast Flow (GE Healthcare, Buckinghamshire, England), after which the His-tag was removed with a Factor Xa kit (Takara Bio.) according to the manufacturer's instructions. The protein was detected as a single band on SDS-polyacrylamide gel electrophoresis after staining with Coomassie brilliant blue (CBB) R-250. It had an estimated molecular mass of 57,720.07. This is in reasonable agreement with the 54,429.88 calculated from the amino acid sequence. About 10 mg of aspartyl aminopeptidase was purified from 1.5 liters of culture. The purified enzyme was used for enzymatic characterization. Aspartyl aminopeptidase activity was assayed as follows: 200 ml of enzyme solution was incubated with 1,800 ml of 1 mM Asp-pnitroanilide (pNA) (Sigma-Aldrich, Tokyo) in 50 mM Tris-HCl (pH 8.0) at 37 C. To stop the reaction, 500 ml of 30% (v/v) CH 3 COOH was added, and the released pNA was measured at 405 nm.
The enzymatic properties of purified aspartyl aminopeptidase are shown Fig. 2 . The enzyme exhibited greater than 70% activity from pH 6 to 9. The optimal temperature for enzyme activity was about 50 C. The enzyme was stable up to 50 C, and retained about 70% activity even after 20 h at this temperature, but it was inactivated rapidly at temperatures in excess of this. Furthermore, it retained about 30% activity even after 20 d at 30 C with soy sauce koji extract (data not shown). It exhibited modest NaCl tolerance: about 45 and 30% activity was detected in 10 and 20% NaCl respectively. These data suggest that the enzyme is potentially responsible for the release of amino acids under high salt conditions, such as in soy sauce mash, which has an NaCl concentration of about 16-19%. In a preliminary analysis of partially degradated defatted soybean degradation by the purified enzyme, the glutamic acid concentration of the enzyme-treated sample (7,142 +/À 70 mg/ml) was 1.12-fold higher than that of a bovine serum albumin-treated control (6,382 +/À 248 mg/ml).
The substrate specificity of the recombinant enzyme was investigated. The purified aspartyl aminopeptidase hydrolyzed angiotensin II but not [Asn1, Val5]-angiotensin II, a delta sleep-inducing peptide (Fig. 2E, F, G) . In addition, the relative activity of the enzyme towards Glu-pNA, Asp-pNA, Ala-pNA, Pro-pNA, Met-pNA, Alg-pNA, and Leu-pNA was 100%, 64%, < 0:5%, < 0:5%, < 0:5%, < 0:5% and < 0:5% respectively. These results suggest that the enzyme recognizes only N-terminal acidic amino acid residues.
To test the potential inhibition or activation of aspartyl aminopeptidase, enzyme activity towards AsppNA was measured following a 15-min pre-incubation with several potential inhibitors and activators ( Table 1 ). The enzyme was inhibited by Zn 2þ , EDTA, o-phenanthroline, and Ca 2þ (above 4 mM), and was not stimulated by 0.4 mM Ca 2þ , whether it was activated by Co 2þ or Mn 2þ . Aspartyl aminopeptidase from yeast 6) and A. oryzae, but not the mammalian enzyme, 7) was inhibited by EDTA. This suggests that the tertiary structure and/or the surroundings of the metal ion in the yeast and A. oryzae aspartyl aminopeptidase differs with respect to the mammalian enzyme, as described by Yokoyama et al. 6) An unequivocal correlation between enzymatic activity and metal ion coordination must await the solution or crystal structure of an aspartyl aminopeptidase.
In the present study, we expressed a putative aspartyl aminopeptidase from A. oryzae in E. coli, and found that the recombinant enzyme possessed aspartyl aminopeptidase activity. We believe that it might be responsible for the release of glutamic acid in soy sauce mash and might find use in a variety of other food processing applications. 
